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Abstract
The Escherichia coli low molecular mass penicillin-binding proteins PBP4, PBP5 and PBP6 are DD-peptidases involved in
murein biosynthesis. It has been suggested that these proteins may be anchored to the periplasmic face of the inner membrane
via their C termini. Here, peptide homologues (P4, P5 and P6) of the PBP4, PBP5 and PBP5 C-terminal regions have been
used to investigate potential protein-lipid interactions involved in this anchoring mechanism. Surface pressure changes
observed for the interactions of P5 and P6 with a range of monolayers indicated that the peptides are membrane interactive
and that the interactions proceeded via predominantly hydrophobic forces with only minor requirements for anionic lipid. In
contrast, P4 interactions with monolayers appeared to proceed via predominantly electrostatic forces with a major
requirement for anionic lipid. The lipid interactions of all three peptides were generally enhanced by low pH and for P5 and
P6 were in the range of 10^15 mN m31 whereas for P4 interactions they were in the range of 3^7 mN m31. CD analysis
implied the presence of K-helical structure in P5 and P6 and molecular area determinations implied that P4 may also possess
helical architecture in the presence of dioleoylphosphatidylglycerol monolayers. Overall, our results support the view that
C-terminal amphiphilic K-helices are involved in the membrane anchoring of PBP5 and PBP6 and suggest that a similar
mechanism could contribute to PBP4-membrane anchoring. Furthermore, we have speculated that the presence of cationic
residues in the hydrophilic face of these K-helices may help facilitate membrane interaction. ß 1998 Elsevier Science B.V.
All rights reserved.
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1. Introduction
The Escherichia coli penicillin-binding proteins
(PBPs) are a group of penicillin sensitive DD-peptid-
ases which are believed to play a regulatory role in
the terminal stages of cell wall assembly. Seven major
E. coli PBPs have been identi¢ed and all are associ-
ated with the periplasmic face of the inner membrane
[1,2]. These seven enzymes can be grouped into two
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binding protein
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classes on the basis of their size and membrane bind-
ing properties. The high molecular weight PBPs 1a,
1b, 2 and 3 are anchored to the membrane via un-
cleaved signal sequences which form type II mem-
brane anchors [3^5]. The low molecular weight sub-
group includes PBPs 4, 5 and 6. These proteins are
targeted to the inner membrane via cleavable N-ter-
minal signal sequences [6^8] and in wild type E. coli
are believed to be exclusively membrane bound [1].
PBP5 and PBP6 appear to have similar anchoring
characteristics. Deletion analysis has shown that the
C-terminal 20 residues of PBP5 [7,9] and the C-ter-
minal 19 residues of PBP6 [10] are essential for e⁄-
cient membrane interaction. Theoretical analysis has
predicted that these C-terminal regions have the ca-
pacity for amphiphilic K-helix formation [1,2,11^13].
In the case of PBP5 this was indirectly supported by
the insertion of a proline residue into the protein’s C-
terminal region since this mutation greatly destabi-
lised anchoring [14].
When the C-terminal domains of PBP5 and PBP6
are represented on a hydrophobic moment plot [12],
their data points cluster around that of melittin, a
toxin known to interact with the membrane via am-
phiphilic K-helices. This suggests that the PBP5 and
PBP6 C-terminal regions may have a surface activity
comparable to that of melittin [12] and may also
interact with the membrane via amphiphilic K-heli-
ces. In support of this prediction the membrane in-
teractions of PBP5 and PBP6 have been shown to be
susceptible to the action of perturbants, in particular
the chaotropic thiocyanate ion which suggests a ma-
jor role for hydrophobic forces in membrane inter-
action [15,16].
In the case of PBP4, Mottl and co-workers [8]
were unable to detect either a potential C-terminal
amphiphilic K-helical domain or other regions likely
to be involved in the anchoring of PBP4 [8]. This
may be supported by the observation that only
10% of overproduced PBP4 [8] is recovered with
the membrane fraction after osmotic lysis compared
to 100% of PBP5 and PBP6 [1]. The lack of a
strongly amphiphilic C-terminus, combined with the
recovery of the majority of the overproduced protein
in the soluble fraction, led to the suggestion that
PBP4 is actually a soluble protein and that the
PBP4 found associated with the membrane fraction
was an artefact of over-expression resulting from low
a⁄nity interactions between PBP4 and the mem-
brane [8]. However, recent localisation studies have
suggested that PBP4 is a legitimately membrane
bound protein and that the soluble form is probably
an artefact of over-expression [17]. These same stud-
ies have suggested that the membrane anchoring
mechanism of PBP4 is fundamentally di¡erent from
those of PBP5 and PBP6 and proceeds via predom-
inantly electrostatic forces. More recently the use of
a⁄nity chromatography and immobilised enzymes
has led to the proposal that PBP4 may be involved
in a multi-enzyme complex which could include var-
ious of the high molecular mass PBPs [18]. It is still
an open question as to whether the PBP4 C-terminal
region features in the protein’s anchoring mecha-
nism. Theoretical analysis shows that the C-terminal
18 amino acid residues of PBP4 have the potential to
form a weakly amphiphilic K-helix [1,2] and although
it was removed from the cluster formed by PBP5,
PBP6 and melittin on the hydrophobic moment
plot its position implied that the C-terminal region
of PBP4 has the potential to form a weakly mem-
brane interactive K-helix [11^13].
Here, we have attempted to determine whether the
PBP4, PBP5 and PBP6 C-terminal sequences have
the capacity for membrane interaction and to try
and identify the lipid requirements of such inter-
actions. Using peptide homologues of the PBP4,
PBP5 and PBP6 C-terminal regions, P4, P5 and P6
(Table 1), we have examined the interactions of these
peptides with monolayers formed from dioleoylphos-
phatidylglycerol (DOPG), dioleoylphosphatidylchol-
ine (DOPC), and dipalmitoylphosphatidylcholine
(DPPC). Additionally we have studied the interac-
tions of P4, P5 and P6 with monolayers formed
from lipid extracts of membranes derived from the
wild type E. coli SD12 [19], and the E. coli mutant
strain HDL11 [20]. In this latter strain, the pgsA
gene, which encodes phosphatidylglycerolphosphate
synthetase, an enzyme involved in phosphatidylglyc-
erol and diphosphatidylglycerol synthesis, has been
placed under the control of the lac promoter, thus
allowing phospholipid to be extracted from mem-
branes which are depleted in anionic lipid. To inves-
tigate the ability of the PBP4, PBP5 and PBP6
C-terminal regions to adopt K-helical conformations
we have subjected monolayers formed from P5 and
P6 to CD and pressure-isotherm analysis and deter-
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mined the molecular area of [14C]P4 in the presence
of a DOPG monolayer.
2. Materials and methods
The peptides P4, P5 and P6 (Table 1) were sup-
plied by the Department of Biochemistry, University
of Liverpool, UK, synthesised by solid state synthesis
and after puri¢cation by high performance liquid
chromatography (HPLC) showed a purity of 99%
or greater. The peptides were stored as 0.1 mM stock
solutions made up in either water (P4 and P5) or in
water/2,2,2-tri£uoroethanol (5:2, v/v) (P6). Bu¡ers
and solutions for all monolayer experiments were
prepared from milli Q water. Phospholipids of E.
coli were extracted by Bligh and Dyer extraction
[21] of cells in the late log phase and puri¢ed by
column chromatography with Polygosil (63^100
Wm, Macherey-Nagel) as stationary phase and
chloroform/methanol (1:1, v/v) as eluent, after a ¢rst
elution of neutral lipids and other contaminants with
100% (v/v) chloroform. DOPG, DOPC and DPPC
were supplied by Avanti. Monolayer surface tension
was monitored by the (platinum) Wilhelmy plate
method [22] using a Cahn C202 microbalance.
Monolayers were formed by spreading either stock
P5 or P6 solutions, pure phospholipids (1 mM in
chloroform) or total phospholipid extracts of E.
coli strains, in chloroform/methanol (8:2, v/v), until
the desired initial surface pressure was achieved. In-
vestigation of peptide-lipid interactions at constant
area were performed in a Te£on trough with a vol-
ume of 5 ml and a surface area of 8.04 cm2. Stock
peptide solutions were added to the subphase via a
reservoir extending into the subphase. The subphase
was continuously stirred by a magnetic bar. Peptide
pressure-area isotherm determinations and the CD
analysis of P5 and P6 monolayers at constant pres-
sure were performed using a 5U15 cm Te£on trough
containing 60 ml of bu¡er subphase (10 mM acetate
bu¡er at pH 5 and 10 mM Tris bu¡er at pH 7 and
9). The trough was equipped with a moveable bar-
rier, the position of which could be adjusted by a
computer controlled system, connected to the Cahn
C202 microbalance. Compression was performed at a
rate of 3 cm min31 until the monolayers had reached
their collapse point. All experiments were repeated
for n = 2^4. For CD analysis, peptide monolayers
were transferred at constant surface pressures of
20 mN m31 and 30 mN m31 respectively to quartz
glass supports [23] by vertical lifting at 3 mm min31.
CD analysis was performed using a nitrogen £ushed
JASCO J600 spectropolarimeter, employing a 0.25 s
time constant, a 50 min31 scan speed, a spectral
bandwidth of 1 nm and a 0.02 cm cell path length.
For surface pressure-area measurements with P4, the
peptide was radiolabelled by reductive methylation
with [14C]formaldehyde (speci¢c activity 1.49 kBq
Wmol31) and sodium cyanoborohydride (Aldrich).
By this procedure the net charge of the peptide is
not altered [24]. Sodium cyanoborohydride, P4 and
[14C]formaldehyde (molar ratio 125:2:1) were incu-
bated in 10 mM phosphate bu¡er (pH 7) for 90 min
at 25‡C. P4 was separated from the reaction mixture
by gel exclusion chromatography on a 20 cmU
0.5 cm Sephadex G25 column, run with 10 mM
phosphate bu¡er (pH 7). The radioactivity of 5 Wl
samples of the 500 Wl fractions were determined us-
ing a Beckman LS5801 scintillation counter. Frac-
tions eluted between 7 and 9.5 ml were well resolved
from the [14C]formaldehyde. Fractions were pooled
and assayed for P4 concentration and 14C activity.
The determined speci¢c activity of labelled P4 was
2.77 kBq Wmol31, implying that on average 93% of
P4 molecules had obtained two methylated residues.
The molecular area of [14C]P4 was determined in the
presence of phospholipid monolayers at constant
area, using a Te£on dish with a volume of 20 ml
and surface area of 29.6 cm2. Appropriate amounts
of [14C]P4 solution (400 Wmolar in phosphate bu¡er,
pH 7) were added to the subphase. The subphase was
continuously stirred by a magnetic bar. The amount
of radiolabel at the interface was determined by fol-
lowing the surface radioactivity with a gas £ow de-
tector [22]. The subphase was refreshed by injecting
and ejecting the bu¡er solution at opposite sides of
Table 1
The primary structures of the peptides P4, P5 and P6
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the dish at a £ow rate of 10 ml min31. The mono-
layer was collected by sucking into a counting vial
[25].
3. Results
To determine whether the PBP4, PBP5 and PBP6
C-terminal regions have the potential for membrane
interaction we have investigated the interactions of
P4, P5 and P6 (Table 1) with lipid monolayers
formed from total lipid extracts of E. coli mem-
branes. At initial surface pressures in the range of
25^35 mN m31, all three peptides interacted with
monolayers formed from total phospholipid extracts
of the wild type E. coli SD12 (Fig. 1). At 25 mN
m31, the determined pressure increase for P4 was
4.6 mN m31 whereas those determined for P5 and
P6 were 16.3 and 11.8 mN m31 respectively. At
35 mN m31, a high initial surface pressure, clear
Fig. 1. The interaction of P4, P5 and P6 with lipid monolayers at various initial surface pressures and pH 7. P4, P5 and P6 were
found to interact with lipid monolayers across a range of initial surface pressures and pH. A^C show typical surface pressure changes
induced by the interaction of P4, P5 and P6 with lipid monolayers at pH 7. These lipid monolayers were formed from DOPG (F),
DOPC (E), total phospholipid extracts from the inner membranes of the wild type E. coli, SD12 (U) and total phospholipid extracts
from the inner membranes of the mutant E. coli, HDL11, which were depleted in anionic phospholipids (O).
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pressure increases of 1.4 and 3.6 mN m31 were noted
for P4 and P6 respectively whilst a pressure increase
of 8.7 mN m31 was noted for P5. This latter value
corresponds to a ¢nal surface pressure of 43.7 mN
m31 which is close to the collapse pressure of mem-
brane phospholipids.
P4, P5 and P6 all bear a net positive charge. The
possible involvement of charge interactions in the
monolayer interactions of these peptides was inves-
tigated by the use of monolayers formed from total
lipid extracts of the E. coli mutant HDL11, which
have a reduced anionic lipid content. For P5 and P6,
levels of monolayer interaction were not a¡ected by
this reduction in monolayer anionic lipid (Fig. 1B,C).
However, for P4 this reduction led to decreases in
levels of interaction of 40^60% at initial surface pres-
sures of 25 and 30 mN m31 and at 35 mN m31 they
were dissipated (Fig. 1A), indicating the importance
of charge interactions in this case.
The interactions of P4, P5 and P6 with pure lipid
monolayers formed from anionic DOPG or zwitter-
ionic DOPC were studied. P4 showed a clear prefer-
ence for anionic lipid (Fig. 1A) with no P4-DOPC
monolayer interaction detected at an initial pressure
of 30 mN m31. P5 showed no great a⁄nity for
DOPG monolayers and indeed showed slightly great-
Fig. 1. (continued)
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er levels of interaction with monolayers formed from
DOPC (Fig. 1B). In the case of P6, levels of inter-
action with both DOPC and DOPG monolayers
were reduced when compared to those of monolayers
formed from total bacterial lipid extracts. At lower
surface pressures, this reduction was more pro-
nounced with DOPC monolayers (Fig. 1C).
It has been shown that the resistance of PBP5 and
PBP6 to displacement from the membrane by pertur-
bants varies with pH [15,16] and pH has been shown
to a¡ect the conformation of P5 in solution [26].
Accordingly, the interactions of P4, P5 and P6 with
lipid monolayers at varying pH have been studied.
At an initial surface pressure of 30 mN m31, the level
of interaction of P4 with DOPG monolayers de-
creased by approx. 40% on moving from pH 5 to
pH 7. Although this pH decrease caused little e¡ect
on the level of interaction with SD12 phospholipid
extracts there was a reduction in the pressure change
seen with DOPC monolayers with no pressure
change detected below pH 7. As the pH was in-
creased to pH 9 the pressure change increased for
DOPC but there was little e¡ect with the other sys-
tems (Fig. 2). The interaction of P5 with monolayers
formed from E. coli total phospholipid extracts
showed a small increase under acidic conditions
Fig. 1. (continued)
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(Fig. 3) especially in the case of phospholipid extracts
from HDL11 depleted in anionic phospholipid.
However, for P6, the levels of lipid monolayer inter-
action were greatly enhanced by low pH (Fig. 4).
It can be seen from Fig. 2 that there are relatively
large di¡erences between the levels of interaction of
P4 with monolayers derived from the membranes of
SD12 and HDL11, particularly at low pH. This sug-
gests that electrostatic forces may feature in these
interactions. It can be seen from Fig. 3 that the levels
of surface pressure change induced by P5 with
HDL11 monolayers are in the range 8.6^13.8 mN
m31 and when these are compared to those of the
corresponding interactions with SD12 monolayers,
there is a 25% reduction but only above neutral
pH. In the case of P6, it can be seen from Fig. 4
that there appear to be no signi¢cant di¡erences be-
tween the levels of surface pressure change induced
by the peptide with HDL11 monolayers and those of
the interactions with the corresponding SD12 mono-
Fig. 2. The interaction of P4 with pure lipid monolayers and lipid monolayers derived from E. coli membranes, all at an initial surface
pressure of 30 mN m31 and varying pH. The ¢gure shows the changes in surface pressure induced by the interaction of P4 with pure
lipid monolayers formed from DOPG (F), DOPC (E), total phospholipid extracts from the inner membranes of the wild type E. coli,
SD12 (U) and total phospholipid extracts from the inner membranes of the mutant E. coli, HDL11, which were depleted in anionic
phospholipids (O). All at an initial surface pressure of 30 mN m31 and varying pH.
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layers. These results indicate that ionic interactions
do not play a major role in P5- or P6-lipid mem-
brane interactions.
The levels of interaction of P6 with pure lipid
monolayers formed from DOPG, DOPC or DPPC
were 3^6 times higher at pH 5 when compared to
those at pH 7 or pH 9 (Fig. 4). In the case of P5,
levels of interaction with these pure lipid monolayers
remained at high levels, at all pH values, and were
comparable to those induced by the peptide in SD12
monolayers. However, in contrast to these latter in-
teractions, the levels of interaction of P5 with mono-
layers formed from DOPC and DPPC are decreased
at low pH rather than enhanced, suggesting that at
low pH there may be other factors a¡ecting the e⁄-
ciency of interaction with SD12 monolayers (Fig. 3).
The pressure changes induced in DOPG monolayers
by P5 and P6 were not signi¢cantly a¡ected by the
presence of 500 mM NaCl (data not shown) and
overall, these results support the suggestion that
Fig. 3. The interaction of P5 with pure lipid monolayers and lipid monolayers derived from E. coli membranes, all at an initial surface
pressure of 30 mN m31 and varying pH. The ¢gure shows the changes in surface pressure induced by the interaction of P5 with pure
lipid monolayers formed from DOPG (F), DOPC (E), total phospholipid extracts from the inner membranes of the wild type E. coli,
SD12 (U) and total phospholipid extracts from the inner membranes of the mutant E. coli, HDL11, which were depleted in anionic
phospholipids (O). All at an initial surface pressure of 30 mN m31 and varying pH.
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charge interactions do not play a signi¢cant role in
the monolayer interactions of these peptides. Fur-
thermore, since DPPC forms a condensed monolayer
at 30 mN m31, the large pressure increases of 7^
10 mN m31, induced in these monolayers by P5
and P6, indicate the presence of hydrophobic inter-
actions.
At an initial surface pressure of 30 mN m31 P4
was found to interact with SD12 monolayers and
induce pressure changes of the order of 3 mN m31
(Fig. 2) which suggests that P4-monolayer interac-
tions may involve the monolayer headgroup region.
It can be seen from Figs. 1 and 2 that P4 shows the
highest levels of interaction with monolayers formed
from the anionic lipid DOPG. At pH 7, radiolabelled
P4 and P4 induced pressure changes in DOPG
monolayers in the order of 4.0^4.5 mN m31. How-
ever, in the presence of 500 mM NaCl, these levels
are either greatly reduced or abolished with P4 in-
ducing no detectable pressure change in DOPG
Fig. 4. The interaction of P6 with pure lipid monolayers and lipid monolayers derived from E. coli membranes, all at an initial surface
pressure of 30 mN m31 and varying pH. The ¢gure shows the changes in surface pressure induced by the interaction of P6 with pure
lipid monolayers formed from DOPG (F), DOPC (E), total phospholipid extracts from the inner membranes of the wild type E. coli,
SD12 (U) and total phospholipid extracts from the inner membranes of the mutant E. coli, HDL11, which were depleted in anionic
phospholipids (O). All at an initial surface pressure of 30 mN m31 and varying pH.
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monolayers at higher pH, and a pressure change of
only 0.9 mN m31 at pH 5 (data not shown). At all
initial surface pressures examined, it was found that
in the presence of monolayers formed from the zwit-
terionic lipid DOPC, P4 induced no detectable pres-
sure changes at lower pH and pressure changes of
the order of only 1.5 mN m31 at pH 9 (Fig. 2). In
addition, at pH 7 and 30 mN m31 P4 induced no
detectable pressure changes in DOPC monolayers,
but induced a pressure change of 1.7 mN m31 in
monolayers formed from DPPC.
It can be seen from Fig. 5 that the equilibrium
spreading pressure, the surface pressure developed
in the absence of a lipid monolayer, is very di¡erent
for P4, P5 and P6. At pH 7, P5 and P6 displayed
equilibrium spreading pressures of 33.7 mN m31 and
22.3 mN m31 which converged to 29 mN m31 and
26.6 mN m31 at pH 5. In contrast, P4 showed a very
low surface activity at pH 5 of 7 mN m31 which
increased to 13.5 mN m31 at pH 7 and 20 mN
m31 at pH 9.
Monolayers of P5 and P6 were formed by spread-
Fig. 5. The variation of P4, P5 and P6 surface activity with pH. The surface activity of P4 (F), P5 (E) and P6 (U) were determined
at various pH. Surface activity was de¢ned as the di¡erence between the equilibrium surface pressure of the peptide at saturation and
that of pure water (73 mN m31).
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ing, subjected to continuous compression and pres-
sure-area isotherms derived. Monolayers were exam-
ined at pH 5, pH 7 or pH 9. At a monolayer surface
pressure of 30 mN m31, analysis yielded molecular
areas for P5 and P6 of circa 200 Aî 2 in all cases
examined (data not shown). Such values could imply
that under these conditions, P5 and P6 are orientated
perpendicular to the plane of the interface and pos-
sess K-helical secondary structure. In an e¡ort to
con¢rm the presence of such secondary structure in
P5 and P6, monolayers of the peptides were formed
by spreading at pH 5, pH 7 or pH 9 and after trans-
fer to quartz supports subjected to CD analysis [23].
P5 and P6 were found to form stable monolayers at
30 mN m31 and 20 mN m31 respectively and for
both peptides, the presence of K-helical secondary
structure was detected in every case examined (data
not shown). P4 showed no ability to form mono-
layers by spreading and so to gain insight into its
ability to form K-helical structure, molecular areas
were determined for radiolabelled P4 in the presence
of DOPG monolayers. Analysis yielded molecular
areas of 330 Aî 2 and 180 Aî 2 for [14C]P4 at DOPG
monolayers surface pressures of 20 mN m31 and
30 mN m31 respectively (Table 2). A molecular
area of 330 Aî 2 implies that an K-helical region of
P4 may align in the plane of the monolayer, associ-
ating with the phospholipid headgroup region. How-
ever, a molecular area of 180 Aî 2 which was deter-
mined at a monolayer surface pressure of 30 mN
m31, implies that an K-helical region of P4 is perpen-
dicular to the plane of the monolayer, penetrating
the monolayer acyl chain region.
4. Discussion
P5 showed generally high levels of interaction with
monolayers formed from zwitterionic lipids (Fig. 3),
which in the case of DOPC were comparable to those
with corresponding monolayers formed from the
membranes of either the wild type E. coli SD12 or
the mutant E. coli strain HDL11 (Fig. 3). Although
P5 showed a very high surface activity (Fig. 5), the
pressure change resulting from P5-membrane inter-
action exceeded the equilibrium spreading pressure.
This indicates that a speci¢c interaction must take
place. Taken with the fact that P5 showed either
no or a minor requirement for anionic lipids and
the lack of an ionic strength e¡ect, these results sug-
gest a major role for hydrophobic forces and a minor
role for electrostatic forces in the interactions of this
peptide with lipid monolayers. However, in contrast
to the general pH trend shown by the interactions of
P5 with lipid monolayers formed from phospholipids
(Fig. 3) the levels of interaction of the peptide with
zwitterionic lipid monolayers were decreased at low
pH rather than enhanced (Fig. 3). Examination of
the primary structure of P5 (Table 1) shows that in
an K-helical conformation, two lysine residues (pKa
11.0) and two histidine residues (pKa 6.5) would oc-
cur in the hydrophilic face of the helix. At low pH,
these histidine residues would contribute to a cati-
onic region which could decrease penetration into
neutral monolayers. At higher pH, these histidine
residues and the cationic region would experience a
decreased positive charge and this could facilitate
‘snorkelling’ into the DOPC and DPPC monolayers
by the hydrophobic alkyl chains of the lysine residues
in the cationic region [27] leading to deeper penetra-
tion and higher levels of interaction with neutral
monolayers by P5. With lipid monolayers derived
from SD12 or HDL11 inner membranes and those
formed from DOPG, the presence of anionic lipid
headgroups could stabilise the positive histidine res-
idues in the P5 helical polar face and thus decrease
the e¡ect of protonation observed at low pH with
neutral lipid monolayers.
Table 2
Determined molecular areas of P4
Surface pressure of DOPG
monolayer (mN m31)
Change in surface pressure of DOPG monolayer induced
by radiolabelled P4 (mN m31)
Determined molecular area of
radiolabelled P4 (Aî 2)
20 4.6 330
30 3.9 180
P4 was radiolabelled and molecular areas determined for the peptide in the presence of DOPG monolayers at various surface pres-
sures and at pH 7.
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In the case of P6, at low pH the peptide showed
high levels of interaction with zwitterionic lipids (Fig.
4) which were either similar or enhanced when com-
pared to those with corresponding monolayers
formed from the inner membranes of the wild type
E. coli SD12 and the mutant E. coli strain HDL11
(Fig. 4). Although P6 would contain a histidine res-
idue in the hydrophilic face of the helix this is situ-
ated adjacent to a negatively charged aspartic acid
residue and there is no option for snorkelling. P6 has
been shown to form an K-helix much less readily
than P5 [26], hence low pH maybe required to sta-
bilise K-helix formation in P6, facilitating the high
levels of hydrophobic interaction shown by the pep-
tide with DOPC, DPPC and other lipid monolayers
under acid conditions. However, at higher pH, the
levels of interaction of P6 with zwitterionic lipids are
greatly reduced (Fig. 4) when compared to the cor-
responding interactions of the peptide with lipid
monolayers derived from the inner membranes of
the wild type E. coli, SD12, and the mutant E. coli
strain, HDL11. Taken with the fact that P6 showed
either no or a minor requirement for anionic lipids,
these results suggest a major role for hydrophobic
forces and a minor role for electrostatic forces in
the interactions of this peptide with lipid monolayers.
In the case of P4, the general ability of the peptide
to interact with lipid monolayers has suggested that
the PBP4 C-terminal region may indeed participate
in PBP4-membrane anchoring. The apparently low
a⁄nity for zwitterionic lipids but the requirement
for anionic lipid shown by P4 has suggested that
the PBP4 C-terminal interaction would be predomi-
nantly electrostatic in nature (Figs. 1 and 2), as is the
overall interaction of PBP4 with membranes [1,17].
Nonetheless, the ability of P4 to penetrate DPPC
monolayers implies that the peptide can penetrate
the bilayer core, hence despite its predominantly elec-
trostatic nature there may also be a hydrophobic
contribution to the PBP4 C-terminal interaction.
The primary sequence (Table 1) shows that although
there is strong overall positive charge, which could
engage in electrostatic interactions with anionic
phospholipid headgroups, there are some hydropho-
bic residues which would be capable of membrane
interaction.
Results derived here (Figs. 1 and 5) appear to con-
¢rm theoretical analyses which have predicted that
the potential of the PBP4 C-terminal sequence for
membrane interaction and surface activity would be
low [11^13]. Indeed, low surface activity might have
been expected from a water soluble peptide such as
P4 which possesses charged residues that are well
distributed and a very high charge to amino acid
residue ratio (Table 1). The same analyses have pre-
dicted that the potential of the PBP5 and PBP6
C-terminal sequences for membrane interaction and
surface activity would be high and again the results
found here (Figs. 1 and 5) are in broad agreement
with these predictions. The determined equilibrium
spreading pressures of P5 are notably higher than
those of P6, particularly at higher pH (Fig. 5). This
is surprising when it is considered that P5 is water
soluble, possesses charged residues that are well dis-
tributed and a high charge to amino acid residue
ratio whereas P6 is not water soluble, possesses a
lower charge to amino acid residue ratio than P5
(Table 1) but yet displays an equilibrium spreading
pressure comparable to some water soluble proteins
such as bovine serum albumin [22].
The interactions of P5 and P6 with lipid mono-
layers formed from lipid extracts were enhanced
under acid conditions but decreased with pH in a
manner that correlated to that of the parent proteins’
susceptibility to perturbants. This might be explained
if increases in pH caused conformational changes in
P5 and P6 which, in turn, led to reduced abilities of
the peptides to interact with lipid monolayers. It has
recently been shown for the peptide P5 that under
acid conditions, the peptide possesses high levels of
K-helicity which decrease with increasing pH [25] and
acid conditions are known to stabilise K-helical sec-
ondary structure. Molecular area determinations
(Table 2) have implied that the peptides P4, P5 and
P6, which possess the primary structures of the
PBP4, PBP5 and PBP6 C-terminal regions, have
the ability to adopt K-helical secondary structure.
The data show that P4, P5 and P6 are able to inter-
act with pure lipid monolayers and monolayers mim-
etic of naturally occurring membranes (Figs. 3 and
4). Whilst it must be remembered that these studies
are based on isolated peptides rather than the native
protein there is evidence that these anchors can func-
tion independent of the ectomembranous domain in
that the C terminus of PBP5 can anchor the periplas-
mic protein L-lactamase to the bacterial inner mem-
BBAMEM 77483 1-12-98
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brane [28]. Overall these experiments therefore sup-
port the view that PBP5 and PBP6 interact with the
membrane via amphiphilic C-terminal K-helices and
the suggestion that PBP4 may utilise a similar mem-
brane anchoring mechanism [1,2,17].
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